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Magnetic linear dichroismfMLD) in 4d—4f resonant and # nonresonant photoemissidRE) is

studied from thin epitaxial gadolinium films. In an angle resolved and high-energy resolution mode,
experiments were conducted with the electric-field vector of the incident light perpendicular to the
sample magnetization. Our results show a significant difference in behavior of MLD in resonant PE
as compared to that in nonresonant PE. Off-resonance, the MLD signal is dominated by a negative
feature at the low binding energy side of the peak. Near the4f resonance maximum, the MLD
displays a plus—minus shape, with a negative signal at the low binding energy side dfpkald

and a positive signal at the high binding energy side. Analysis of MLDdr 4f resonant PE may
provide insight into interactions of thed4dcore hole with the 4 core level in the intermediate state.
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I. INTRODUCTION 4dY04f7+ hy—4d°4£8—4d'°4£5+ €l

Magnetic dichroism in core-level photoelectron spectroswhereel represents the continuum state of the photoelectron.
copy is a new technique that promises to shed light on th@ecay from the intermediate state may lead’E, final
electronic and magnetic properties of bulk and thin-film ma-states as in direct PE or to low spfiX; states, whereX
terials. Synchrotron radiation sources have made it feaSib|ﬁ3presents all possible combinations of angular momenta.
for investigators to study how the relative orientation be-The low spin states show up as a higher binding energy
tween the sample magnetization, photoelectron wave vectogatellite on theé'F; peak and are strongly correlated with the
and electric field influences the shape of photoemission spegme structure peak on the total yield curve at the onset of the
tra. We present results that show a change in the line shapfain resonance featuraiVe note that the d core hole cre-
of the Gd 4 photoemissior(PE) peak using linearly polar- ated in the intermediate states interacts with tHe cére
ized light when the direction of sample magnetization is reqeyels.
versed, i.e., magnetic linear dichroistMLD). Results of We are, therefore, studying the resonance with MLD in
MLD in Gd 4f photoemission taken off-resonance are com-order to understand the contribution of magnetic effects on
pared to those in resonant PE. Our experimental geometife resonant PE process. The photoelectron intensity in the
is analogous to the geometry used by Rettal. in their  4d—4f resonant region leading to tfE; final states may be
investigations of MLD in the Fe 8 core levels. Previous  more than an order of magnitude higher than in PE spectra
experiments on Gd have focused on magnetic circular ditaken off-resonance; therefore, the MLD signal in the spectra
chroism (MCD) in 4f and 4d resonarft and nonresonant s mainly due to the resonant mechanisms. This, in turn,
photoemissior:* reduces the complication of decoupling the resonant from the

When photon energies are near ttek threshold a strong nonresonant behavior.

Fano resonance is observed in thie ghotoionization cross

section. The effect is interpreted as a constructive interfer-

ence between the direct PE channel and the resonant channel.

The resonant PE channel is represented by a two-step pro-

cess. Resonant excitation of d 4lectron into an empty#  ||. EXPERIMENT

spin minority state followed by a radiationless Auger decay.

Because of the localized nature of thé gtate, the resonant The PE experiments were conducted at the Spectromi-
channel can be described in an atomic picture. The resonantoscopy Facility (Beamline § of the Advanced Light

process is represented schematically as Source in Berkeley at Lawrence Berkeley Laborafofy.
Beamline 7 located at an undulator magnet provided the
dElectronic mail: jyammon@gems.vcu.edu source of linearly polarized soft x-rays.
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A Y (000)) single crystal was aligned by Laue diffraction z
and mechanically polished with a Am diamond solution.
The crystal was supported on Ta foil, spot welded to a mo-
lybdenum sample puck. The flexibility of the Ta support al-
lowed the height of the crystal face to be easily adjusted to
the center of rotation for x-ray photoelectron diffraction
(XPD) experiments. The sample was heated by electron

bombardment from a filament located behind the substrate. +M _—

The Gd evaporation cell consisted a W crucible sur- e X
rounded by a water-cooled shroud. The crucible was heated anrd J

by electron bombardment from a nearby filament. A quartz

crystal thickness monitor gauged the evaporation rate and -M

film thickness. K

The Y(000)) substrate was cleaned by sputtering with a
1.5 keV beam of argon ions and then annealed to 875 K tglG. 1. Experimental geometryi-polarized light is incident at angle of 60°
’ ] ) . relative to thex axis. The sample magnetizatiavl,, points either parallel or
establish structural order as confirmed by XPD. Films 50 MLantiparallel along the axis and is perpendicular to the electric-field vector
thick were grown epitaxially, while the substrate was held aitn thexy plane. The photoelectrons are collected along the sample normal in
room temperature. The base pressure after bakeout wH¥>* direction.

5x107%° Torr and during film growth rose up to>@0° S o
jyhere the photoionization cross section is high and these

Torr as determined by an ion gauge. Since the sample cou
only be cooled to 125 K, a thick film of 50 ML was grown, measureme_nts are compared to MLD near tte- 4f reso-
nance maximum.

because the Curie point is expected to be significantly re-
:/luLciderom the blIJ||$ valug of 293 K for thi.nthI fiIms;(;LS Il. RESULTS
per.aturzr;gwaer;geoat)stg:v?dTo(;(e):;nult";st;ﬁg ;lxl'{erriiii\;lsgeof ':Etran Y Figure 2 illustrates MLD in Gd # PE at 95 eV off-
. - .. . 4 resonance, left upper panel, and MLD in resonai 4f PE
V\{Ith Gd, Wh|ch is not surprising since the two materials ha_lveat 150 eV, right upper panel. The open squares correspond to
similar %hemlcal properties and almost perfect latticen 5gnetization up, and the black filled squares correspond to
matching® Therefore, we limited ourselves to a short annea'magnetization down. The lower panels show a plot of the
of 45 s at 710 K. This ordered the ®®0J film as con-  peak normalized differencé’ND) for a quantitative com-
firmed by sharp XPD spots, with no intermixing of the sub-parison. The PND is obtained by subtracting a suitable inte-
strate with the overlayer as confirmed by x-ray photoelectrogyral background from both spectra, magnetization up, and
spectroscopy(XPS). Moreover, carbon and oxygen XPS magnetization down. The difference in intensity at each
peak intensities were below detectable limits. Spin resolvedinding energy is then calculated and normalized to the peak
photoemission experiments by Mcllrogt al. have shown maximum intensity of the sum of the two spectra after back-
that a Gd0001) surface exposed to as little as 0.25 L of ground subtraction. Representing the dichroism in this fash-
oxygen forms an oxide with reduced magnetic propertiesion eliminates the problems that occur when calculating the
thus, elimination of oxygen is particularly importdfitwhile ~ asymmetry by dividing the difference of small numbers by
the film was being cooled to 125 K by convection from athe sum of small numbers. A similar procedure for quantita-
copper braid connected to a liquid nitrogen reservoir, the Gd/Ve comparlsonlgf MLD in the Fe 2 levels was applied by
film was remanently magnetized in plane by pulses from dlillebrecht et al™* The spectra at 95 eV show a negative
nearby solenoid. All magnetic measurements were made ific1roism in the low binding energy side of the peak with
remanence at 125 K. From previous studies ofGBa1/ MLD of 6%. However, the MLD signal near the resonance

W(110), the magnetization of the 50 ML film is expected to maX|mum.shows a significant change in sign and shape with
o - . : a plus—minus feature of about 10%. The spectrum taken at
lie in the plane in a single domain state.

. : . .. 150 eV with the magnetization up has a maximum peak in-
A diagram of the experimental geometry is shown in Fig. 9 P P

he i | larized incid | ftensity that is greater than the spectrum obtained with the
1. The linearly polarized x-rays are incident at an angle 0magnetization reversed, while the maximum peak height in-

60° from thex axis with the electric field vectoE, in thexy  ensity is larger for the magnetization down for the spectrum
plane. Photoelectrons are collected at normal emission alongyen at 95 eV. As illustrated in Fig. 2, t&, MLD in the

the x axis with =3° angular resolution, with the intensity pg gpectra near the resonance maximum is markedly differ-
normalized to the photon flux to account for instabilities inent from the spectra taken off-resonance.

the ring current. The magnetizatiol, lies in the plane of

the sample and is positioned orthogonal to the electric fieldV. DISCUSSION

vector of the exciting radiation. The dichroism is measured An atomic model of MLD in nonresonant PE, as de-
by reversing the magnetization by mechanically rotating thescribed by Thole and van der Laan, has proven successful in
sample 180°. The MLD is measured off resonance at 95 eMnterpreting MLD in Fe 3 core-level photoemissiot:**
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Fic. 2. (a) Upper panel: Gd # core-level spectra taken off-resonance at 95 eV. Open squares represent magnetizatiardinpction; whereas the filled
sguares represent magnetization dowz,direction. Lower panel: plot of peak normalized differeii®, see the texib) Upper panel: Gd core-level spectra
taken near d—4f resonance maximum at 150 eV. Lower panel: plot of peak normalized diffefétice

The localized nature of thefdstates suggests that an atomic majority spin direction, with respect to the electric-field vec-
model would be appropriate in describing MLD in the Gid 4 tor. Thus, the matrix elements for excitation out of tréy4
PE spectra. In the method by Thole and van der Laan, theand 4d;, manifolds into the unpopulatedf4minority state
dipole matrix elements are written in terms of the creationchanges. This leaves a different intermediate state for the 4
and annihilation operators of dnshell electron with mag- core hole to interact with the magnetid 4lectrons. Reso-
netic componentn. By using this approach, terms pertaining nances in rare-earth materials are well known, and combin-
to the geometry of the experiment are separated from termisg MLD with resonant PE in a single experiment may yield
describing the interactions of the core hole left in the finalnew information. For example, recent magnetic dichroism
state leading to multiplet splitting. For PE from &rshell,  studies in resonant PE have been used to interpret the 2
the MLD would be described as a linear combination of thecore-level absorption structure in K.
fundamental spectrd), wherex=1,3,5. Thole and van der Because the PE intensity in the resonant region leading to
Laan have calculated the line shape of the fundamental speéF; states is substantially enhanced, as in Fig. 2, the inter-
tra for GF* 4f photoemissiort? Moreover, both MLD and ference of the resonant channel with the direct channel is
MCD measure the same set of fundamental spectra; thusmall, thus, contributions to the spectra are mainly from the
similar results might be expected from both experimentsresonant process. Although not presented here, MLD spectra
However, we measure a MLD signal that shows a predomiat several photon energies in the range of 138—154 eV were
nate contribution on the low binding energy side of the 4 recorded in the d—4f resonant region and show results
peak as shown in Fig. 2, which is very different from the similar to those in Fig. 2. Analysis of data demonstrating
strong MCD effect observed in Gdf #E by Starkeet al3 MLD as a function of photon energy in the resonant region
On resonance, our results indicate that there is a strongiould provide a novel approach in understandind—4f
interaction between the Gdd4core hole and the Aelec- resonant PE. However, quantitative analysis would be com-
trons. This is shown by flipping the magnetization, i.e., theplicated by several factors. In the case af-44f resonant
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